I
n anaerobic environments, metabolically different microorganisms are required for the degradation of lipids and complex polymers such as polysaccharides and proteins to methane and carbon dioxide (1) . The initial hydrolysis and fermentation steps yield CO 2 , H 2 , and acetate as well as fatty and aromatic acids. Syntrophic bacteria degrade these acids further to hydrogen, formate, and acetate, which are converted by methanogenic archaea to methane. This metabolic cooperation, called syntrophy, is thermodynamically favorable, because methanogens are able to keep the hydrogen and formate concentrations at such low levels that syntrophic bacteria are able to thrive (1, 2) .
Syntrophus aciditrophicus strain SB, a member of the Deltaproteobacteria, is a rod-shaped, strictly anaerobic, and Gram-negative microorganism (3, 4) . S. aciditrophicus degrades crotonate, butyrate, several long-chain fatty acids, benzoate, cyclohex-1-ene-1-carboxylate, and cyclohexane-1-carboxylate when associated with its methanogenic partner, Methanospirillum hungatei JF-1 (5) . In pure culture, S. aciditrophicus can ferment crotonate (4) and benzoate (5) and respire benzoate with crotonate (6) . Interestingly, during crotonate fermentation, 3 NAD oxidize 3 crotonyl coenzyme A (crotonyl-CoA) to 6 acetyl-CoA, and the resulting 3 NADH reduce crotonyl-CoA, CO 2 , and acetyl-CoA via glutaconylCoA, glutaryl-CoA, and 3-hydroxypimelyl-CoA to cyclohexane-1-carboxyl-CoA; small amounts of cyclohex-1-ene-1-carboxylate and benzoate are also formed. Hence, some of the enzymatic steps involved in benzoate and alicyclic acid degradation must be reversible (6) .
While the main features of the catabolism in S. aciditrophicus are understood, little is known of how S. aciditrophicus synthesizes cellular material. Genomic analysis of S. aciditrophicus predicted that acetyl-CoA and bicarbonate (carbon dioxide) were major precursors for key biosynthetic intermediates, including pyruvate and oxaloacetate (3). 2-Oxoglutarate needed for glutamate biosynthesis is typically made from acetyl-CoA and oxaloacetate via Si-citrate synthase and other enzymes of the oxidative branch of the Krebs cycle or from oxaloacetate via its reductive branch. Annotation of the S. aciditrophicus genome did not detect genes for Si-type citrate synthase and fumarate reductase, which are needed to operate the oxidative and the reductive arms of the Krebs cycle, respectively (3). However, S. aciditrophicus can grow with crotonate as the sole carbon/energy source (3) with cysteine added as the reductant, indicating that the organism has the ability to synthesize glutamate from crotonate (4) . At the time when the S. aciditrophicus genome was sequenced, the gene for Re-citrate synthase was not known. Subsequently, the gene for Re-citrate synthase was identified in Clostridium kluyveri (7) and shown to be present in S. aciditrophicus (8) . Thus, it is likely that S. aciditrophicus synthesizes glutamate using a Re-citrate synthase and the oxidative branch of the Krebs cycle (Fig. 1) .
Isotopomer labeling analysis has been used to show the existence of a Re-citrate synthase for glutamate biosynthesis in several microorganisms (9) (10) (11) (12) (13) (14) . Detection of a labeled glutamate at the C-1 position when Dehalococcoides ethenogenes was grown in a medium with [1- 13 C]acetate (11) was consistent with the operation of a Re-citrate synthase. Labeling patterns similar to that of D. ethenogenes were detected for glutamate biosynthesis in Thermoanaerobacter sp. strain X514 (15) and Desulfovibrio vulgaris (12) , implying that these two bacteria also use Re-citrate synthase for glutamate biosynthesis (Fig. 1) . In addition, the Re-citrate synthase found in these organisms is phylogenetically related to ho-mocitrate synthase and isopropylmalate synthase rather than to Si-citrate synthase (7, 11, 12) .
The purpose of this study was to elucidate the pathway for glutamate biosynthesis in S. aciditrophicus. Given that S. aciditrophicus lacks genes for citrate lyase, ATP citrate lyase, Si-citrate synthase, and fumarate reductase (3), S. aciditrophicus likely uses a Re-citrate synthase and the oxidative branch of the Krebs cycle to make glutamate. In addition, the genomic analysis of S. aciditrophicus suggested that acetyl-CoA and bicarbonate (carbon dioxide) were major precursors for the biosynthesis of cellular components. In this study, S. aciditrophicus was grown on 13 C-and 14 C-labeled substrates and the isotopomer labeling patterns of alanine, aspartate, and glutamate were determined by gas chromatography-mass spectrometry (GC-MS), nuclear magnetic resonance (NMR) spectroscopy, and chemical degradation. The obtained patterns were used to delineate the mechanisms for glutamate biosynthesis as well as global utilization of acetate and bicarbonate as carbon sources for S. aciditrophicus. Pure cultures of S. aciditrophicus strain SB (ATCC 700169) were grown in a basal medium with 20 mM crotonate and 0.1% cysteine (8 mM) as reductant (3, 16) . The basal medium contained (per liter) 10 ml of Tanner's minerals, 5 ml of Tanner's metals, 10 ml of Tanner's vitamins, and 1 ml of 0.1% resazurin (17) . The pH of the medium was adjusted with NaOH and HCl to pH 7.1 to 7.3. Anaerobic medium and stock solutions were prepared as described by Balch and Wolfe (18) . The headspace of the culture was pressurized with an N 2 -CO 2 gas mixture (80:20 by volume) to 172 kPa, and the cultures were incubated at 37°C. The purity of S. aciditrophicus was examined microscopically and by periodic incubations with thioglycolate medium, which does not support the growth of S. aciditrophicus. Growth was measured spectrophotometrically. The culture was further used as inoculum for the following experiments.
MATERIALS AND METHODS

Chemicals
Isotopic analysis of proteinogenic amino acids from 13 C-tracer experiments. Triplicate 60-ml cultures of S. aciditrophicus were grown on 20 mM crotonate with 5 mM [1-13 C]acetate or 41 mM [ 13 C]bicarbonate for isotopomer analysis. Cells were grown to mid-exponential phase, harvested by centrifugation at 8,000 ϫ g for 20 min at 4°C under strictly anoxic conditions, and washed with anoxic 50 mM potassium phosphate, pH 7.5.
The isotopic analysis of proteinogenic amino acids was performed as previously described (12-15, 19, 20) . In brief, cell pellets were hydrolyzed in 6 M HCl at 100°C for 24 h. The amino acid solution was air dried and then derivatized by TBDMS at 80°C for 1 h. A gas chromatograph (GC) (Hewlett-Packard model 7890A; Agilent Technologies, CA) equipped with a DB5-MS column (J&W Scientific, Folsom, CA) and a mass spectrometer (MS) (model 5975C; Agilent Technologies, CA) were used for analyzing amino acid labeling profiles. GC-MS detected the following charged fragments for most amino acids as shown in Fig. 2 (21) : fragmentation at a, [M-15] ϩ , complete mass of the derivatized amino acid M with loss of a methyl group (M -methyl); fragmentation at b, 0) . The cell pellet was acidified by adding 1.5 ml of 6 M HCl and hydrolyzed at 99°C for 48 h. The cell lysate was divided into supernatant and pellet by sedimentation with an Eppendorf bench centrifuge at 13,000 rpm for 5 min. The supernatant was applied to an ion exchange column (Dowex, 50WX8 hydrogen form, 200 to 400 mesh; Sigma-Aldrich, Munich, Germany) at room temperature. After the column was washed with 5 volumes of water, the amino acids were eluted with 5 to 6 volumes of 1 M NH 3 . The fractions were combined and concentrated by flash evaporation, and the concentrated sample was dissolved in 1 ml H 2 O. To separate glutamate and aspartate from the amino acid mixture, the sample was loaded onto an ion exchange column (Dowex, 1X8 formate form, 200 to 400 mesh; Sigma-Aldrich, Munich, Germany) at room temperature. Neutral amino acids were eluted with H 2 O; glutamate and aspartate were eluted with 1 M HCOOH. Fractions were collected and concentrated by evaporation. For purification of aspartate and glutamate from 14 C-labeled cultures, each step was monitored by adding fractions to 5 ml Quicksave A scintillation fluid (Zinsser Analytic, Frankfurt am Main, Germany) and determining the 14 C radioactivity (counts per minute) in each fraction by liquid scintillation counting.
Radioactively labeled glutamate was separated from aspartate by thinlayer chromatography (TLC). The solvent system used for ascending chromatography on a TLC silica gel 60 F 254 aluminum sheet (Merck, Germany) was isobutanol-formic acid-water (60:10:15, by volume). Radioactive spots were located by means of a Storm 860 Molecular Imager (Molecular Dynamics, Sunnyvale, CA, USA). A region corresponding to labeled glutamate was cut, the glutamate was extracted from the silica gel by H 2 O, and the amount of radioactivity was determined by liquid scintillation counting as described above.
The position of the 14 C atom in glutamate was determined by decarboxylation of the ␣-carboxyl group by treatment with a chloramine-T solution in a Warburg vessel. The Warburg vessel contained 0.8 ml of 0.5 M acetate buffer (pH 4.0), 1.5 ml of 10% (wt/vol) chloramine-T, and 0.1 ml of 20% (wt/vol) formaldehyde in the main compartment; 0.1 ml of the labeled amino acid in the side arm; and 0.1 ml of 1 M Hyamine hydroxide (Sigma-Aldrich, Munich, Germany) in methanol on the filter paper in the center well. After the amino acid was added to the chloramine-T solution, the vessel was shaken for 1 h at 30°C. Radioactivity of carbon dioxide trapped by Hyamine was determined in the scintillation counter (9) .
NMR analysis of [ 13 C]aspartate and [ 13 C]glutamate. Replicate 250-ml cultures of S. aciditrophicus were grown on 20 mM crotonate with 47 mM sodium [
13 C]bicarbonate. The isolated 13 C-labeled glutamate and aspartate were dissolved in 200 l D 2 O and added to Wilmad 3-mm tubes obtained from Rototec Spintec. NMR measurements were carried out on a Bruker Avance 600-MHz spectrometer with a TXI probe installed with z-gradient. The one-dimensional (1D) spectra 1 H and 13 C, the homonuclear 2D spectra total correlation spectroscopy (TOCSY), and 1 H-13 C heteronuclear single-quantum correlation (HSQC) and heteronuclear multiple-bond correlation (HMBC) spectra were recorded at room temperature using standard pulse sequence (22) . The TOCSY spectra were recorded with a mixing time of 200 ms, while the water signal was sup- pressed by using the excitation sculpting technique (23) . The 1D spectra were acquired with 65,536 data points, whereas 2D spectra were collected using 2,048 points in the F 2 dimension and 512 increments in the F 1 dimension. 13 C spectra were recorded with 32,768 transients. For 2D spectra, 32 to 64 transients were used. The relaxation delay was 2.5 s. The pH effect on the spectra was determined by recording 1 H spectra on glutamate samples of natural abundance at different pH values (1.5, 3, 4, 5, 7, and 9). Chemical shifts of 1 H and 13 C were calibrated using a trace amount of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as the internal reference. DSS is similar to tetramethylsilane but has much higher water solubility. The spectra were processed using Bruker program package Topspin 2.1.
2-Oxoglutarate: ferredoxin oxidoreductase. Activity was measured using succinate thiokinase (succinyl-CoA synthetase, ␣-chain SYN_00001, and ␤-chain SYN_03227) present in the cell extract to synthesize succinylCoA. Cell extracts of S. aciditrophicus were prepared anoxically as previously described (8) . The 1-ml reaction mixture contained 100 mM morpholinepropanesulfonic acid (MOPS)-KOH (pH 7.5), 1 mM thiamine diphosphate, 1 mM dithioerythritol, 5 mM MgCl 2 , 1 mM methyl viologen, 1 mM ATP, 500 M CoASH, and 1 mM succinate in a septum-sealed cuvette. Cuvettes were flushed with N 2 -CO 2 (80:20, by volume) for at least 10 min before the addition of the anoxic prepared assay components. The reaction mixture was reduced using 15 l of 50 mM dithionite. Activity was determined by following the oxidation of methyl viologen at 600 nm (molar extinction coefficient at 13,700 M Ϫ1 cm Ϫ1 ). Activity was linear with protein concentration. Reaction mixtures with no succinate and CO 2 were analyzed as negative controls.
4-Hydroxybutyryl-CoA dehydratase. A detailed description of the assays with 4-hydroxybutyrate or with vinyl acetate as the substrate has been published recently (24) . Because several other enzymes catalyze the ⌬-isomerization of vinyl acetyl-CoA to crotonyl-CoA, in the assays with cell extracts described here, vinyl acetate has been replaced by 4-hydroxybutyrate.
Detection of 4-hydroxybutyrate. Replicate 500-ml cultures of S. aciditrophicus were prepared anaerobically as previously described and were grown on 20 mM crotonate (5, 6, 17) . Samples of 75-ml growth medium were taken as soon as inoculation and at mid-exponential phase for GC-MS analysis. Heat-killed cultures and no-substrate amendments were also analyzed as abiotic and negative controls, respectively. The pH of the samples was adjusted to pH 12 with 1 M NaOH for 30 min at ambient temperature (5) . The samples were then acidified to pH Ͻ2 with 1 M HCl and extracted three times with ethyl acetate. The ethyl acetate extracts were filtered over anhydrous sodium sulfate to remove water, concentrated to a volume of 1 to 2 ml at 47°C, and evaporated under nitrogen gas until dryness. The dried samples were dissolved in 200 l ethyl acetate and derivatized with 100 l N,O-bis-(trimethylsilyl)trifluoroacetamide. The derivatized extracts were analyzed with an Agilent Technologies 6890N network GC system series gas chromatograph (GC) equipped with an Agilent Technologies 5973 network mass selective detector mass spectrometer (MS) and an HP-5MS capillary column (0.25 mm by 30 m by 0.25 m; Wilmington, DE). The mass spectrometer was operated at 400 Hz. Helium was used as the carrier gas at a flow rate of 1.2 ml/min. The oven temperature was held at 40°C for 5 min and then increased at 4°C/min to 250°C and held for 5 min. The identification of metabolites was made by comparison of the GC-MS profiles to the National Institute of Standards and Technology (NIST) Mass Spectral Library, version 2.0a (25) . (Tables 1 and 2 , including the carbon skeletons of asparagine and glutamine).
RESULTS
Isotopomer profiles from
Synthesis of alanine and aspartate. We postulated that the key three-and four-carbon biosynthetic intermediates, pyruvate and oxaloacetate, respectively, were synthesized from acetyl-CoA by consecutive carboxylation reactions (Fig. 1) . Isotopomer labeling patterns of alanine and aspartate were analyzed to infer the labeling patterns in pyruvate and oxaloacetate, which are the 2-oxoacid skeletons of alanine and aspartate, respectively ( fragments of aspartate had a single 13 C atom. These observed labeling percentages up to 22% indicate the use of [1-
13 C]acetate for acetyl-CoA synthesis before all of the 15 mM crotonate was oxidized. Since the same labeling was detected in all three fragments of alanine and aspartate (whole amino acid, without C-1, and C-1 ϩ C-2) the whole 13 C must be present at C-2 of each amino acid, which are derived from pyruvate and aspartate, respectively (Fig. 1) . Hence, [2- 13 C]pyruvate is synthesized by reductive carboxylation of [1- 13 C]acetyl-CoA and [2-13 C]oxaloacetate is synthesized by carboxylation of [2- 13 C]pyruvate. In the following, we performed approximate estimations of isotopomer mass balances. When the cells were grown on [
13 C]bicarbonate, 100 molecules of the complete alanine contained 59 ϩ (2 ϫ 3) ϭ 65 13 C atoms, whereas after decarboxylation the 13 C content of the remaining fragment (C-2 ϩ C-3) was reduced to 4 ϩ (2 ϫ 6) ϭ 16 13 C atoms, indicating that the majority of the label was located at C-1 ( Table 2 ). The analysis of aspartate gave an even clearer picture. The whole aspartate contained 45 ϩ (2 ϫ 38) ϭ 121 atoms 13 C per 100 molecules, 38 of which were double labeled, indicating that the compound was synthesized with two 13 CO 2 . One of the 13 CO 2 was converted to C-1, because after decarboxylation the 13 C content of the double-labeled species decreased to an undetectable level and that at C-2 to C-4 decreased to almost exactly one-half (59%). Taken together, the isotopomer analyses with labeled acetate and bicarbonate are consistent with the synthesis of pyruvate and oxaloacetate by consecutive carboxylations of acetyl-CoA (Fig. 1) . In agreement with these labeling patterns, the genome of S. aciditrophicus contains genes encoding putative acetyl-CoA synthetases (AMP and ADP forming), pyruvate ferredoxin oxidoreductase, and biotin-containing pyruvate carboxylase. As shown below, the equal labeling of the two carboxyl groups of aspartate after growth on NaH 13 CO 3 was confirmed by 13 (Table 3) . Hence, a second pathway must be operative in glutamate synthesis. After growth on [1- 13 C]acetate, the whole glutamate contained 30 ϩ (2 ϫ 6) ϭ 42 13 C atoms per 100 molecules (Table 1) . Decarboxylation decreased the 13 C content to 26 ϩ (2 ϫ 4) ϭ 34 13 C atoms. Hence, C-1 of glutamate contained 42 to 34 ϭ 8 13 C atoms, which amounts to 8/42 ϭ 19% of the total incorporated 13 C and exactly confirms the 14 C labeling results. If C-1 is derived only from [1-
13 C]acetate via Re-citrate synthase, C-3 gets the same amount via this pathway (Fig. 1 ). Since C-1 ϩ C-2 contained 13 13 C atoms, as shown by the f302 fragment, 5 13 C atoms remain for C-2, and 34 Ϫ 8 ϭ 26 13 C atoms are incorporated into C-3 to C-5 by another pathway. Hence, the pathway via Re-citrate synthase contributes to glutamate synthesis only with (2 ϫ 8)/42 ϭ 38%.
Growth on [ 13 C]bicarbonate supported this unexpected isotopomer pattern (Table 2) . Thereby, 58 out of 100 glutamates had one 13 C atom and 4 had two. Decarboxylation of C-1 reduced the content from 58 ϩ (2 ϫ 4) ϭ 66 to 22 ϩ (2 ϫ 1) ϭ 24. Hence, the contribution of the Re-citrate synthase pathway amounts to 24/66 ϭ 36%. As shown below, 13 C NMR spectroscopy detected 30% of [ 13 C]bicarbonate in C-5 of glutamate, derived via Re-citrate synthase (Fig. 1) . Hence, the labeling experiments with [1- 13 C NMR analysis. NMR analysis was used to determine the location of the 13 C atoms in aspartate and glutamate when S. aciditrophicus was grown with [ 13 C]bicarbonate. In the intact labeled cells, NMR spectroscopy detected a broad signal that appeared at around 174 ppm (Fig. 3, green dotted box) , which is due to 13 C-labeled carbonyl carbons of the amino acids, while the three strong groups of peaks between 69 and 79 ppm are due to lipids of cell walls. With the purified mixture of aspartate and glutamate, four strong signals at 177.6, 175.0, 174.2, and 173.5 ppm were observed and assigned to C-5 (Glu), C-4 (Asp), C-1 (Glu), and C-1 (Asp), respectively (Fig. 4B) . In the aliphatic region, five much weaker signals at 54.3, 51.4, 35.3, 30.6, and 26.1 ppm were detected and assigned to C-2 (Glu), C-2 (Asp), C-3 (Asp), C-4 (Glu), and C-3 (Glu), respectively (Fig. 4A) . The strong signals assigned to the carbonyl groups provide evidence of 13 C enrichment at these positions, while the weaker signals assigned to aliphatic carbons reflect the natural abundance of carbon isotopes.
The splitting patterns of the 13 C signals of carbons at C-2 and C-3 positions of aspartate and C-2 and C-4 positions of glutamate were analyzed (Fig. 5 and 6 ). The patterns are due to the 13 C- 13 C J coupling separated by one chemical bond. All the patterns show three resolved peaks. Because the incorporation of 13 C atoms into the carbonyl carbons was not 100%, a central peak (marked with a gray dot in Fig. 5 ) is present due to carbons attached to 12 C carbonyl carbon. The split doublets (marked with black dots in Fig. 5 ) on both sides of the central peak are due to those carbons attached to a carbonyl carbon with a 13 C atom. The coupling constants were 55 Hz, which is in agreement with literature values (26) . From the intensity ratio of these signals, the 13 C distribution is 50/50 for C-1/C-4 of aspartate and 70/30 for C-1/C-5 of glutamate.
A second pathway for glutamate synthesis, which perfectly fits into all these labeling patterns, is the synthesis of glutamate via the reductive carboxylation of succinate, which is derived from two acetates, via crotonyl-CoA, 4-hydroxybutyryl-CoA and succinate semialdehyde (see Fig. 9 ). With [
13 C]bicarbonate, C-1 of glutamate would contain 13 C, and with [1-13 C]acetate, C-2 to C-5 derived from succinate would become uniformly labeled. Hence, if one subtracts the label introduced into C-1 and C-3 by Re-citrate synthase (2 ϫ that of C-1), C-2 to C-5 would contain 42 -(2 ϫ 8) ϭ 26, which would lead to 26/4 ϭ 6.5 13 C atoms at each position. This matches quite well with the 5 13 C atoms found at C-2. Determination of the stereochemistry of citrate made by cell extracts of S. aciditrophicus. To verify that cell extracts contain an active Re-citrate synthase, [ 14 C]citrate was synthesized from [1- 14 C]acetate, purified, and then converted to acetate and malate in the presence of Si-citrate lyase, NADH, and malate dehydrogenase (Fig. 7) . The formation of only labeled malate confirms the functioning of a Re-citrate synthase in cell extracts of S. aciditrophicus. Note that this experiment already had been described in a previous paper (8) , but the referred Fig. 4 erroneously showed the result with recombinant Re-citrate synthase, rather than with the cell extract, which is depicted in Fig. 7 of this work.
Detection of 4-hydroxybutyrate. During the growth of S. aciditrophicus with crotonate, the bistrimethylsilyl derivative of 4-hydroxybutyrate was detected in culture samples. The compound eluted at 24.6 min and exhibited the same spectral characteristics as that known from the library of the National Institute of Standards and Technology (NIST) (Fig. 8) . 4-Hydroxybutyrate was not detected in heat-killed or no-substrate amended controls, which confirms that the metabolite was made from crotonate by S. aciditrophicus.
Enzyme activities. The activities of 2-oxoglutarate:ferredoxin oxidoreductase and succinyl-CoA synthetase were measured in one assay with succinate, CoA, ATP, thiamine diphosphate, MgCl 2 , and methyl viologen under an atmosphere of 80% N 2 and 20% CO 2 . Prior to the start of the reaction with cell extract, methyl viologen was partially reduced with dithionite. Then, the oxidation of reduced methyl viologen was measured at 600 nm. In three different cell extracts of S. aciditrophicus grown on crotonate, the specific activity was 49 Ϯ 20 nmol min Ϫ1 mg protein Ϫ1 . The protein concentration was measured with the Bradford method (27) .
The presence of 4-hydroxybutyryl-CoA dehydratase was tested under anoxic conditions with 4-hydroxybutyrate, 4-hydroxybutyrate CoA-transferase, acetyl-CoA, and cell extract. The resulting crotonyl-CoA was continuously determined by ␤-oxidation to acetyl-CoA and acetyl phosphate with NAD catalyzed by an enzyme preparation from Acidaminococcus fermentans (28) . Alternatively, crotonyl-CoA was reductively carboxylated to ethylmalonyl-CoA using NADPH and crotonyl-CoA carboxylase (29) . With both assays, no significant activity could be measured. Either the active crotonyl-CoA metabolism in the cell extract interfered with the assays or the low rates of NAD reduction or NADPH oxidation were concealed by unspecific NAD(P)H oxidases.
DISCUSSION
The isotopomer distribution from [1- 13 C]acetate and [ 13 C]bicarbonate into alanine and aspartate as well as the 13 C NMR studies supports the genome-based prediction of their biosyntheses from acetate via carboxylation to pyruvate and further to oxaloacetate (Fig. 1) , followed by transaminations (Tables 1 and 2 ; Fig. 4 to 6) . The expected synthesis of glutamate by the oxidative branch of the Krebs cycle using a Re-citrate synthase was partially confirmed by the detection of labeled carbon at the C-1 position of glutamate, when [1- 13 C]acetate or [1-14 C]acetate was present in the growth medium (Table 1 and 3) as well as with [ 13 C]bicarbonate at the C-5 position. However, to explain the labeling patterns of the isolated glutamates, alternative pathways must be considered. An additional pathway via Si-citrate synthase, as observed with C. kluyveri (7), can only partly explain the labeling pattern (see below). Furthermore, no gene encoding Si-citrate synthase is present in the genome of S. aciditrophicus (3), nor could a corresponding enzymatic activity be detected in cell extracts (Յ10% of the activity of Re-citrate synthase [ Fig. 7]) . A pathway via the reverse Krebs cycle (oxaloacetate¡malate¡fumarate¡succinate¡succinyl-CoA¡2-oxoglutarate) can be excluded, because [ 13 C]bicarbonate would label glutamate not only at C-1 but also at C-2 and C-5, which are derived from the carboxylates of oxaloacetate via succinate. While the essential enzyme fumarate reductase is absent (3), succinyl-CoA synthetase and 2-oxoglutarate ferredoxin-oxidoreductase are present (this work). Another pathway via glutaconyl-CoA, an intermediate of cyclohexane carboxyl-CoA degradation and synthesis (see introduction), followed by hydration to (R)-2-hydroxyglutaryl-CoA¡(R)-2-hydroxyglutarate¡2-oxoglutarate¡glutamate, has been largely excluded (8) . Though the enzymatic hydration of glutaconate to (R)-2-hydroxyglutarate has been measured in vitro (30) , this pathway cannot explain the observed labeling, because its pattern is identical to that via Recitrate synthase.
Glutamate degradation in anaerobic microorganisms has previously been shown to occur by several pathways other than those involving Krebs cycle enzymes, one of which is the 4-hydroxybutyrate pathway in Clostridium aminobutyricum (31) . In this pathway, 4-aminobutyrate (␥-aminobutyrate [GABA]), formed by decarboxylation of glutamate in other organisms (32) , is transaminated to succinate semialdehyde followed by reduction to 4-hydroxybutyrate. CoA transfer yields 4-hydroxybutyryl-CoA that is reversibly dehydrated to crotonyl-CoA mediated by a flavin adenine dinucleotide (FAD) and [4Fe-4S]-containing dehydratase (24, 33) . Consecutive disproportionation of crotonyl-CoA leads to acetate and butyrate. Also, the reduction of succinate to butyrate via 4-hydroxybutyryl-CoA and crotonyl-CoA in C. kluyveri follows this pathway (34) , as do the archaeal CO 2 fixation routes in Metallosphaera sedula (35) and Nitrosopumilus maritimus (36) . The reversal of this pathway (Fig. 9) would start by hydration of crotonyl-CoA to 4-hydroxybutyryl-CoA, which after hydrolysis or CoA transfer could be oxidized to succinate semialdehyde and further to succinate. Succinyl-CoA is then reductively carboxylated to 2-oxoglutarate, yielding glutamate by reduction with NAD(P)H in the presence of ammonia. This pathway produces a labeling pattern, which would perfectly fit with a second pathway for glutamate synthesis (Fig. 9) . Further supports for this pathway are the detection of 4-hydroxybutyrate in cell extracts by GC-MS (Fig. 8) , the presence of the gene SYN_02445 in the genome of S. aciditrophicus (whose product is annotated as 4-hydroxybutyryl-CoA dehydratase), and the detection of succinylCoA synthetase (␣-chain SYN_02501 and ␤-chain SYN_02502) as well as 2-oxoglutarate ferredoxin oxidoreductase (SYN_02499) in cell extracts. Though the activity of the key enzyme, 4-hydroxybutyryl-CoA dehydratase, could not be measured, it appears likely that in S. aciditrophicus, glutamate is predominantly synthesized by the 4-hydroxybutyrate pathway.
There are two aspects that argue against the participation of the 4-hydroxybutyrate pathway in glutamate synthesis. Recent studies on 4-hydroxybutyryl-CoA dehydratase from C. aminobutyricum identified several amino acids at the active site which are essential for activity: histidine (H292, C. aminobutyricum numbering) and three cysteines (C99, C103, and C299) coordinate the [4Fe-4S] cluster, threonine (T190) is hydrogen bonded to N-5 of the FAD cofactor, and two glutamates (E257 and E455) and tyrosine (Y296) around the [4Fe-4S] cluster are involved in radical and acid-base catalysis. All these amino acids are conserved in much more than 100 annotated 4-hydroxybutyryl-CoA dehydratases, especially in those whose functions have been verified, as are the enzymes from C. kluyveri (74% sequence identity with the enzyme from C. aminobutyricum), N. maritimus (58%), and M. sedula (43%). In the putative dehydratase from S. aciditrophicus (45% sequence identity), H292, C99, C103, C299, and T190 are conserved, indicating that the enzyme contains the [4Fe-4S] cluster and the FAD cofactor. However, E257, Y296, and E455 are replaced by cysteine, histidine, and serine, respectively, suggesting that the enzyme has not the expected function. Interestingly, the putative 4-hydroxybutyryl-CoA dehydratase from S. aciditrophicus shares high sequence identities (77 to 87%) with only eight other dehydratases from syntrophic or sulfate-reducing bacteria. In these proteins, the above-mentioned amino acids C257, H296, and S455 are conserved.
The 4-hydroxybutyrate detected in the growth medium of S. aciditrophicus cannot serve as a reliable indicator of the action of 4-hydroxybutyryl-CoA dehydratase. It could be also formed by decarboxylation of glutamate to 4-aminobutyrate mediated by glutamate decarboxylase (SYN_00664). This proton-consuming reaction is used by Escherichia coli to counteract acidification by fermentation (32) . The subsequent transamination to succinate semialdehyde is catalyzed by 4-aminobutyrate aminotransferase (SYN_01215). An unspecific alcohol dehydrogenase could reduce succinate semialdehyde with NADH to the 4-hydroxybutyrate, which is excreted into the medium.
Nevertheless, the involvement of two different pathways in the synthesis of glutamate, the major one via 4-hydroxybutyrate and the minor one via Re-citrate synthase, is currently the best explanation of the observed labeling pattern, though some questions still have to be answered. Besides the 4-hydroxybutyrate pathway (Fig. 9) , there is no other pathway known leading from two labeled acetates to uniformly labeled succinate. Perhaps, the putative 4-hydroxybutyryl-CoA dehydratase does indeed catalyze the hydration of crotonyl-CoA by using another mechanism. The missing 4-hydroxybutyrate and succinate semialdehyde dehydrogenases as well as an erroneously annotated 4-hydroxybutyrate CoA-transferase could be replaced by other enzymes. The pathway from crotonyl-CoA via 4-hydroxybutyrate to succinate, which in this direction has not been observed yet in nature, would also be of biotechnological importance. Hence, acetate could be the precursor of the valuable succinic acid as well as of 4-hydroxybutyryl-CoA that could be reduced to the technically important 1,4-butanediol (37) or polymerized to poly-4-hydroxybutyrate (38) .
The occurrence of a second pathway for the synthesis of glutamate in S. aciditrophicus recalls Clostridium kluyveri, in which also two routes to glutamate have been detected, one via Re-citrate synthase and the other via Si-citrate synthase (7) . It has been argued that the low-efficiency Re-citrate synthase preceded the much more active Si-citrate synthase in modern organisms (8) . Hence, C. kluyveri could be a descendant of those organisms in which this transition had happened. Perhaps, the ancestors of S. aciditrophicus had tested the replacement of Re-citrate synthase by the 4-hydroxybutyrate pathway.
